This study investigated the culturable aerobic phototrophic bacteria present in soil samples collected in the proximity of the Belgian Princess Elisabeth Station in the Sør Rondane Mountains, East Antarctica. Until recently, only oxygenic phototrophic bacteria (Cyanobacteria) were well known from Antarctic soils. However, more recent non-cultivation-based studies have demonstrated the presence of anoxygenic phototrophs and, particularly, aerobic anoxygenic phototrophic bacteria in these areas. Approximately 1000 isolates obtained after prolonged incubation under different growth conditions were studied and characterized by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Representative strains were identified by sequence analysis of 16S rRNA genes. More than half of the isolates grouped among known aerobic anoxygenic phototrophic taxa, particularly with Sphingomonadaceae, Methylobacterium and Brevundimonas. In addition, a total of 330 isolates were tested for the presence of key phototrophy genes. While rhodopsin genes were not detected, multiple isolates possessed key genes of the bacteriochlorophyll synthesis pathway. The majority of these potential aerobic anoxygenic phototrophic strains grouped with Alphaproteobacteria (Sphingomonas, Methylobacterium, Brevundimonas and Polymorphobacter).
Introduction
The permanently ice-free regions of Antarctica constitute only 0.32-0.4% of the continent's surface area [2, 28] . The largest exposed regions are situated mainly along the coastal lowlands of the Peninsula and continental Antarctica, as well as in the Transantarctic Mountains. In the higher altitude inland areas, ice-free regions are very scarce [14] . However, in Dronning Maud Land (East Antarctica), the Sør Rondane Mountains (SRM) -located ∼200 km inland from the King Haakon VII Sea -contain ∼900 km 2 of exposed surface area. This 220 km long wedge-shaped mountain chain (71 • 30 -72 • 40 S, 22-28 • E) mainly consists of groups of mountains and individual nunataks (i.e. isolated mountain tops projecting above the surrounding ice layer) [76, 120] . Similar to many other exposed inland continental Antarctic areas, terrestrial regions in the SRM are characterized by very low levels of organic matter, low soil moisture and extremely low soil surface temperatures, which provide the conditions for selection of a specialized, highly adapted microbial community [24, 43, 107, 120] . In this oligotrophic environment, sunlight, abundantly present during the austral summer, may be an important energy resource for phototrophic bacterial groups that can harvest sunlight and convert it into chemical energy in order to support life.
Phototrophy represents one of the oldest and most important bacterial processes on Earth for which two mechanisms have been described. The simplest mechanism involves ion-pumping rhodopsin proteins [10, 106] , and environmental studies in the last decade have revealed the enormous diversity of microbial rhodopsins. Although they comprise a diverse group of photoactive transmembrane proteins, the proteo-and actinorhodopsin proton pumping families, predominantly found in aquatic environments all over the planet, are by far the most abundant and widespread [5, 6, 15, 20, 59, 86, 87, 89, 93, 94] .
The second bacterial phototrophy mechanism, which is less widespread but more efficient, relies on (bacterio)chlorophyllcontaining photochemical reaction centers, and chlorophylldependent species are found solely in the Cyanobacteria. Anoxygenic phototrophic bacteria (APB) (i.e. those relying on bacteriochlorophyll (Bchl)) are found in the Acidobacteria, Chlorobi, Chloroflexi, Firmicutes, Gemmatimonadetes and Proteobacteria [17, 121] . Most known APB are aerobic anoxygenic phototrophs (AAP). These AAP do not contain carbon fixation enzymes [117] and use light as an auxiliary energy source for their mostly heterotrophic metabolism [37, 58] .
Several genes encoding subunits of key enzymes in the (bacterio)chlorophyll synthesis pathway are well conserved among phototrophic bacteria. The dark-operative protochlorophyllide oxidoreductase enzyme complex is present in all known phototrophic bacteria using photochemical reaction centers. In Cyanobacteria, the complex is encoded by chlLNB genes, whereas APB rely on the homologous bchLNB genes. Additionally, APB contain a second enzyme complex involved in the Bchl synthesis pathway: chlorophyllide oxidoreductase, encoded by bchXYZ genes [22, 41, 47] . For light-harvesting, the majority of APB rely on a type 2 photochemical reaction center. These reaction centers have a heterodimeric structure, with pufL and pufM encoding the conserved proteins. Hence, these genes have proven to be excellent markers for studying APB diversity [58, 60, 84] .
Previously, we reported the diversity of key protein encoding genes involved in (bacterio)chlorophyll-and rhodopsin-dependent phototrophy in exposed areas of the SRM, which appeared to be suitable habitats for phototrophic microorganisms, especially AAP, due to the availability of sunlight, oxygen and the minimum quantity of organic nutrients [101, 102] . The results suggested the presence of a diverse AAP community, including novel representative bacteria. However, since most of these bacteria still have not yet been cultivated, their characteristics and biochemical potential remain unknown. Although amplicon sequencing of 16S rRNA genes only provides insights into what is present, such inventories of protein-encoding genes, in general, cannot be linked to specific bacteria because of possible horizontal gene transfer and gene duplication events [30, 31, 69] . Even though metagenome sequencing may reveal functional potential, recreating and closing genomes from such data is difficult due to genomic microheterogeneity. Furthermore, a function cannot be assigned to a considerable number of genes [72, 82] . Thus, while culture-independent methods can describe the functional capacities of whole microbial communities, isolation and characterization of Antarctic bacteria, and microorganisms in general, is of great scientific relevance for investigating ecophysiology and adaptive strategies and linking function to identity. Cultured microorganisms not only permit testing for certain functions (e.g. phototrophy) or expression of genes, but also the sequencing of their genomes. In addition, they may help extend identifications obtained from metagenome data [38, 72, 103, 108] .
Previous research using deep sequencing of 16S rRNA genes revealed that oxygenic phototrophs (Cyanobacteria) are sometimes only present in relatively small numbers in soils of the SRM [101,Tahon et al. Submitted for publication]. In contrast, these environments seem to contain a broad diversity of anoxygenic phototrophs, although rhodopsins have not been detected [101, 102] . Therefore, the present study focused on the isolation of APB, and more specifically AAP relying on a type 2 photochemical reaction center, from the same exposed samples used previously for noncultivation based studies. Isolates were identified at the molecular level and screened for the presence of different phototrophy genes. This data, contributing to the bacterial characterization of exposed surface soils of the SRM, represents one of the first reports on cultivation of aerobic anoxygenic bacteria from continental Antarctica.
Materials and methods

Sampling site and sampling method
As previously described [101, 102] , top surface soil samples were collected aseptically from four exposed sites in the proximity of the Belgian Princess Elisabeth Station, Utsteinen, East Antarctica (71 • 57 S, 23 • 20 E, elevation 1382 m). Three samples (KP15, KP43 and KP53) were taken on the eastern part of the Utsteinen nunatak, ∼500 m north of the research station, whereas sample KP2 was taken ∼1.3 km south of the Belgian base, on the eastern part of the Utsteinen ridge. Samples were stored in sterile polypropylene containers at −20 • C on collection until they were returned to the Laboratory for Microbiology (Ghent University, Belgium), where they were stored in a cold room facility (−20 • C).
Media and isolation of bacterial strains
For isolation of aerobic phototrophic microorganisms, two defined low nutrient media were prepared, one selective for aerobic photoautotrophs (PA) and one for aerobic photoheterotrophs (PH). Media compositions were based on media previously used for the isolation of phototrophic bacteria [23, 49, 54, 99, 104, 110, 118] No carbon sources were added to the PA medium but the PH medium was enriched with a mix of six different carbon sources (glucose, sucrose, sodium succinate, sodium pyruvate, sodium acetate and malate), which are frequently used for isolating phototrophic bacteria. Concentrations of carbon sources were set at 0.5 mM each in order to mimic the oligotrophic Antarctic environment. Nitrogen traces in the aforementioned components mimicked the low in situ Antarctic nitrogen conditions [19, 39] , and no additional nitrogen source was added. To support growth of photodiazotrophs, 24.32 M MoO 3 and 1 M V 2 O 5 were added to the media [12, 13, 55, 83] . For solid media, 15 g L −1 Bacto agar (BD) was added. The final pH of both media was set to 7.0.
The isolation of phototrophic bacteria was performed as follows: a ten-fold dilution series (10 −1 -10 −5 ) was prepared for each sample, starting from one gram of aseptically weighed soil homogenized in 9 mL sterile liquid growth medium using a vortex. Finally, 100 L of each dilution was plated out. For liquid enrichments, sterile 120 mL glass vials containing 20 mL of dilutions 10 −2 -10 −5 were set up and sealed with a gas permeable seal (4titude ® ).
Culture plates and liquid enrichments were set up with four replicates incubated under an aerobic atmosphere at 4 and 15 • C (two replicates each). For bacteria in Antarctic surface samples, residing in a dark freezer for several years was considered similar to a long austral winter. To aid recovery of dormant bacteria, an isolation procedure was devised that would mimic the gradual light transition from winter to summer. Incubation was performed in illuminated incubators, starting at 0 h of light per day for one week, and increasing by two hours day −1 every week until a maximum of 18 h day −1 by week 10, which was designed to simulate the increasing day length during the transition from winter to summer at the sampling locations. Distinct colonies were purified from solid media from week 10 onwards. For liquid enrichments, one vial of each condition was non-continuously shaken (aeration once per day by gentle manual shaking for 10 s) and the other vial was not aerated. After 21 weeks, 1/100 dilutions were plated and incubated for up to seven months. For each condition, all colonies with a distinct morphology were purified by seeding single colonies on new plates filled with the same medium.
MALDI-TOF mass spectrometry
Due to the very slow growth of the isolates and limited amount of available biomass, a modified version of the matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) sample preparation protocol was used, as previously described by Wieme et al. [112] , but with cell suspensions rather than cell extracts. Acquisition of the bacterial fingerprints was undertaken using a 4800 Plus MALDI TOF/TOF TM Analyzer (Applied Biosystems) in linear positive ion mode, as previously described [112] . Raw mass spectra were extracted as t2d files from the analyzer, imported into the Data Explorer 4.0 software (Applied Biosystems) and then converted into text files. Subsequently, these text files were imported into BioNumerics 7.5 (Applied Maths) and transformed into fingerprints. The similarity between spectra was determined using Pearson's product moment correlation. Spectra were then clustered using the unweighted pair group with arithmetic mean method.
Identification and characterization of bacterial strains
Bacterial DNA was extracted using the alkaline lysis protocol [73] and stored at −20 • C until further processing. Gene fragments were amplified ( PCR products were purified using a Nucleofast 96 PCR cleanup membrane system (Macherey-Nagel) and Tecan Genesis Workstation 200 (Tecan). Sequencing of the protein encoding genes was performed using the amplification primers (Table 1) . For 16S rRNA genes, the sequencing primers listed by Coenye et al. [27] and Cleenwerck et al. [26] were used. Sequencing was carried out using a BigDye Xterminator TM purification kit (Applied Biosystems) and an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems).
Analyses of sequences
Sequences were assembled using the BioNumerics 7.5 software (Applied Maths). To ensure high quality data, every position of the assembly was the consensus of a minimum of two separate sequences. Afterwards, sequences were manually curated to eliminate all low-quality sequences containing indels, stop codons and ambiguous bases. The 16S rRNA genes were initially partially sequenced (V1-V3 region). Partial sequences were grouped at a 98% similarity level using CD-HIT [40, 64] . Partial sequences with ≥98% similarity were considered to represent one phylotype. Afterwards, the full 16S rRNA gene of one representative of each phylotype was sequenced and identified using the EzTaxon database (http://www. ezbiocloud.net/identify) [25] .
For analysis of the overlap between the diversity picked up by cultivation and by a culture-independent approach, partial 16S rRNA gene data (V1-V3 region) from the same samples, previously obtained using Illumina MiSeq 2 × 300 bp sequencing [Tahon et al. Submitted for publication], were compared with 16S rRNA gene data from the isolates. Sequences were compared using CD-HIT. This comparison also allowed verification of the taxonomy previously inferred from the Illumina sequence data using the May 2013 GreenGenes training set [Tahon et al. Submitted for publication] Additionally, one representative of each phylotype together with one representative of each Illumina OTU (binned at 97% similarity), was used to construct a phylogenetic tree. For phylogenetic analysis of pufLM, an updated version of our previously described database containing publicly available sequences as at May 8th 2017 [101] was used. For 16S rRNA and pufLM genes, sequences were aligned using Clustal Omega [44, 96] on the Stevin supercomputer at UGent. A total of 20 iterations were performed in order to optimize the alignments. The alignment was then trimmed to the size of the Illumina sequences (16S rRNA genes) or the size of the sequenced amplicons (pufLM genes) and visually inspected, excluding all nonoverlapping reference sequences from further analysis. Remaining sequences were realigned and the resulting alignment was used to construct a maximum likelihood phylogenetic tree (1000 bootstrap replicates) using the FastTree tree building software [81] with the general time-reversible model and the discrete gamma model with 20 rate categories. For pufLM, the closest relatives of the newly obtained isolates were selected from the resulting phylogenetic tree in order to prepare a smaller tree following the same protocol. Sequences from uncultured bacteria were not included in the final pufLM tree. Trees were visualized using the iTOL software [62, 63] .
Accession numbers
The sequences determined in this study were deposited in the National Center for Biotechnology GenBank database under accession numbers KY386300 to KY386629 (16S rRNA) and KY437105 to KY437155 (pufLM).
Results
Isolation of bacteria
While all media showed a good yield, the use of oligotrophic media and incubation under low temperatures (4 and 15 • C) resulted in growth only after prolonged periods of time. From solid media, purification of distinct colonies was performed from week 10 onwards, whereas for the liquid setups -originally enriched for 21 weeks -this was after up to seven months. From the various conditions, a total of 1552 colonies were randomly picked. The numbers of isolates picked per sample and per incubation condition are listed in Table S1 .
The majority of the colonies were extremely small (<0.5 mm ø after four weeks) and many showed no visual pigmentation, except after concentration of the biomass. Furthermore, the liquid enrichments resulted in a large number of cyanobacterial liquid cultures. Samples KP2 and KP15 resulted in most cyanobacterial growth and diversity. For samples KP43 and KP53, cyanobacterial growth was absent from most of the setups. These samples, however, displayed growth of green microalgae that was identified as Stichococcus sp. by 18S rRNA gene sequencing.
Since the focus was on AAP, the cyanobacterial enrichment cultures, which could have harbored a broad variety of potentially novel cyanobacterial strains, were donated to the Cyanobacteria culture collection at the University of Liège for further isolation and characterization. As determined by microcopy, they contained a large variety of Nostoc sp., Stigonema sp., as well as cyanobacterial growth that could not be identified (A. Wilmotte, personal communication).
MALDI-TOF MS
For the dereplication, identification and characterization of the isolates, an approach combining MALDI-TOF MS fingerprinting and sequence analysis of 16S rRNA and phototrophy genes was used. First, MALDI-TOF MS was performed in order to characterize all 1552 isolates. Only spectra of good quality were considered for further analysis: quality mass spectrometry profiles (minimum highest peak intensity of 200 and <35% slope for the maximum peak intensity) could be generated for 1038 isolates. For the other isolates, even on repetition, no good quality profile could be obtained, mostly due to the very low quantity of biomass available. As a result, these isolates were not used in further analyses. Subsequently, cluster analysis (Pearson correlation) of MALDI-TOF MS profiles was performed, and visual inspection resulted in 141 clusters (data not shown). Approximately 15% of the isolates did not group in these clusters and they were characterized by unique profiles often of a somewhat lower quality. Prior to further analyses, the initial number of isolates was reduced to a subset of isolates representing all MALDI-TOF MS clusters, as well as good quality unique profiles (330 isolates total) (Table S2) .
Identification based on 16S rRNA sequences
After partial 16S rRNA sequencing, the 330 representative isolates were binned in 77 phylotypes (98% sequence similarity). Based on the full 16S rRNA gene sequence, taxon assignment with the EzTaxon cultured database allocated 63 phylotypes (295 isolates) to 29 genera (95% cutoff [92] ) belonging to the Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes and Deinococcus-Thermus (Table 2 ). Of the remaining phylotypes, the 16S rRNA was less than 95% similar to that of their closest cultured neighbor. Of these, 12 grouped with the aforementioned phyla and potentially represented new genera or families (90-95% 16S rRNA similarity to the closest cultured neighbor) ( Table 2 ). Interestingly, two isolates displayed less than 80% similarity to named species and thus may represent the first cultured isolates of novel or uncultured taxa at a less detailed phylogenetic level. The sequence of isolate R-68168 (phylotype 64) was most similar (78.70%) to that of Streptacidiphilus rugosus AM-16 (Actinobacteria), whereas the sequence of R-68213 (phylotype 76) was most similar (79.07%) to that of Hippea maritima DSM 10411 (Deltaproteobacteria). Therefore, these sequences, which were 89.99% similar to each other, were additionally compared with the GreenGenes database [32, 67, 91] . The results grouped the isolates with environmental sequences of the candidate phylum FBP (96.26 and 97.83% highest sequence similarity, respectively) [61] . They are currently being studied in detail and will be reported on separately.
The identifications obtained were compared to the MALDI-TOF MS dendrogram. A total of 126 of the 141 clusters and several unique profiles, accounting for 892 of the 1038 isolates enclosed in the MALDI-TOF MS dendrogram, were well defined and contained isolates belonging to the same genus or species, based on the 16S rDNA identification of the closest EzTaxon hit. Other clusters were taxonomically heterogeneous and contained isolates belonging to different genera. This may be explained by the fact that the profiles were a somewhat lower quality due to the low biomass obtained for these strains. The comparison also revealed that several phylotypes were represented by multiple MALDI-TOF MS clusters and unique spectra, indicating that several distinct strains were isolated within these groups. Most diversity was retrieved from the solid media and least from the liquid enrichments. The distribution of the recovered taxa for the different terrestrial samples and cultivation setups is shown in Table S3 . Several genera, including Sphingomonas, Nocardioides, Rhodococcus and Hymenobacter, were retrieved from all samples and nearly all setups, whereas others (e.g. Rhodopseudomonas, Polymorphobacter, Knoellia) were retrieved only from one sample and cultivation setup (Table S3) . The most abundantly retrieved genera considering all isolation conditions were Sphingomonas (397 isolates), Nocardioides (83 isolates) and Arthrobacter (83 isolates) (Table S3) . A subset of strains representing the total diversity recovered was stored in the research collection of the Laboratory of Microbiology at Ghent University and is available for further research.
In a previous study [Tahon et al. Submitted for publication], the bacterial communities present in the samples had been investigated by sequencing partial 16S rRNA genes (V1-V3 region) using Illumina MiSeq 2 × 300 bp sequencing. Grouping at a 97% similarity resulted in a total of 703 OTUs. Comparison of these sequences with those of the isolates allowed more insight into the diversity overlap retrieved between cultivation and the culture-independent approach. Many of the isolates' 16S rRNA genes grouped together at high similarities (≥97%) with the environmental sequences ( Table 2 , Figs. S1-S9). However, for 30 of the 77 cultured phylotypes, no sequence sharing more than 97% similarity was present in the culture-independent dataset.
Although deep sequencing has revolutionized the current knowledge of the bacterial world, these techniques also have weaknesses. Currently, for the widely used Illumina MiSeq platform, the maximum amplicon length after merging reads is restricted to ∼550 bp. For 16S rRNA genes, these partial sequences encompass only one third of the complete gene and, as a result, their identification at more detailed taxonomic levels (i.e. genus and species) may prove difficult. Therefore, the identity of the isolates based on full 16S rRNA gene sequences allowed tentative confirmation or improvement of the previous identification of the Illumina sequences obtained from the same samples. Maximum likelihood analysis clearly showed that the neighboring Illumina sequences of the 327 representative isolates (74 phylotypes) grouping with Actinobacteria, Proteobacteria, Bacteroidetes and Deinococcus-Thermus had previously all been assigned a correct taxonomy at the phylum, class and order level (Figs. S1 and S3-S9). For 63 phylotypes, the neighboring sequences had also been assigned a correct family. For the others, related Illumina sequences had been unclassified at the family level. For phylotypes 29, 49 and 77, the identity of the isolates made it possible to assign a tentative genus and species identity to the highly similar Illumina sequences that were previously identified only to the family level. In a few other cases, there were discrepancies in the identification of isolates and the OTUs they were grouped with. For example, the V1-V3 region of isolates grouping in phylotypes 4 and 20 (identified as Brevundimonas variabilis and Noviherbaspirillum sp.) was almost identical to the sequences recovered using Illumina (Table 2, Figs. S3 and S7) that had been identified as Mycoplana and Collimonas using the May 2013 GreenGenes training set [32, 67, 91] . Repeating the identification of these sequences, but with the current EZTaxon and GreenGenes databases, led to the same identification as B. variabilis and Noviherbaspirillum sp. Thus, although any differences could sometimes be due to using a short sequence for identification purposes, they might also be explained by differences in the sequence databases used, but the ongoing addition of new sequence data and novel taxa improves the identifications.
Protein coding gene analyses
For all 330 representative isolates, phototrophy potential was tested by amplification of key genes involved in rhodopsin-and (bacterio)chlorophyll-dependent light-harvesting. However, proteorhodopsin and actinorhodopsin genes could not be amplified from any of the isolates, although amplification of pufLM resulted in 50 positive reactions. The more universal pufM primers of Yutin et al. [119] did not provide any additional isolates. Positive isolates belonged to Sphingomonas (30 isolates), Methylobacterium (9 isolates), Brevundimonas (9 isolates), Sphingomonadaceae (1 isolate) and Hymenobacter (1 isolate) (Tables 2 and S2 ). Comparison of these pufLM sequences with pufLM cloned sequences from a previous study [101] revealed that only one sequence was recovered using both approaches. The pufLM sequence of isolate R-68361 (Hymenobacter sp.) was identical to two cloned sequences (accession no. KT154478) obtained from the same terrestrial sample (i.e. Table S2. KP15). All other pufLM isolate sequences were less than 86% similar to cloned sequences. The maximum likelihood tree in Fig. 1 clearly shows newly obtained pufLM sequences grouping among the reference data of closely related taxa with a known photoheterotrophic phenotype. Nevertheless, the newly obtained pufLM sequences were not highly similar to the sequences of their clos-est neighbors (Fig. 1) . Perhaps more closely related neighbors have not yet been cultured or, since many anoxygenic phototrophs can grow heterotrophically, their phototrophic potential may not yet have been recorded [58] . Interestingly, the pufLM sequence of the Hymenobacter isolate (R-68361) grouped in a separate branch among the reference data from Sphingomonas spp., with a high bootstrap value supporting the branch (Fig. 1) . BchL/bchX could be amplified from 41 of the 330 representative isolates, 17 of which also tested positive for pufLM (Table S2) . Known anoxygenic phototrophs contain both bchL and bchX [41] , which co-amplified with the primers used here [4] . Therefore, these PCR products could not be sequenced directly. Since the IGK3 and DVV primers used for amplification of bchL and bchX also amplify nifH [4] , an additional PCR was carried out with broad range nifH primers (F2 and R6) in order to verify that no nifH were amplified (Table 2 ). This primer set, designed by Marusina et al. [66] was reported to amplify strictly nifH and resulted in no positive amplifications [42] .
In previous research, the diversity of key bacterial protein encoding genes in the Calvin-Benson-Bassham cycle (RuBisCO) was investigated using clone libraries and Illumina MiSeq sequencing [101, Tahon et 
Discussion
Bacteria in Antarctic soils are subjected to a range of extreme environmental conditions, including sub-zero temperatures with repeated cycles of freezing and thawing, low transient precipitation [114] , very low availability of organic matter [107] and strong solar radiation at exposed sites. In these environmental conditions, some bacteria may have adopted a phototrophic lifestyle, converting sunlight into chemical energy. The analysis in the present study is the first to report on the diversity of culturable aerobic anoxygenic phototrophic bacteria relying on a type 2 photochemical reaction center in soils from the SRM (East Antarctica). Previous studies of environmental DNA have revealed that a broad diversity of (aerobic) anoxygenic phototrophs, particularly those using the aforementioned reaction center, was present in the exposed soils in the proximity of the Princess Elisabeth Station, whereas the relative abundance of oxygenic photosynthetic microorganisms was found to be low in many samples [101, 102, 107] . Therefore, the main objective was to isolate and characterize AAP with a type 2 reaction center, which is a group that has, to date, almost exclusively been studied in aquatic environments [58] .
AAP relying on a type 2 photochemical reaction center have predominantly been found in the Alpha-and Gammaproteobacteria, and to a lesser extent in the Betaproteobacteria. A single representative is known in the Gemmatimonadetes and in the Firmicutes [58, 79, 121] . The isolation strategy using oligotrophic media and a light regime simulating the increasing day length during transition from Antarctic winter to summer gave access to a range of bacteria known to be common inhabitants of soils, including those from Antarctica [2, 77, 80, 105, 115] . Following MALDI-TOF MS and 16S rRNA gene analysis, ∼52% of the 892 isolates identified grouped among known alphaproteobacterial AAP taxa, particularly with Sphingomonas (∼45%). The majority of these alphaproteobacterial AAP were retrieved from liquid enrichments incubated at 4 • C (Table S3) . A total of 20 isolates, many obtained from PA medium incubated at 4 • C, grouped with Betaproteobacteria, whereas only a single Firmicutes isolate was picked up. However, none of these isolates grouped among known AAP taxa and no Gammaproteobacteria or Gemmatimonadetes were isolated. This observation was in accordance with previous observations made on these samples with culture-independent approaches. Clone libraries and Illumina MiSeq sequencing of the puf(L)M and bchL/bchX genes revealed a dominance of alphaproteobacterial AAP, including many of the groups isolated here [101, 102] . Only 0.65% of the ∼680,000 pufM Illumina reads grouped with beta-and gammaproteobacterial pufM, while 16S rRNA gene sequencing also revealed a high relative abundance of Alphaproteobacteria and, in particular, AAP taxa. On the other hand, Beta-and Gammaproteobacteria, Gemmatimonadetes and Firmicutes were (almost) absent in these samples and the SRM in general [101,Tahon et al. Submitted for publication]. Although similar patterns could be observed in both approaches (i.e. dominance of alphaproteobacterial AAP taxa), the comparison of culture-dependent and culture-independent 16S rRNA and puf(L)M gene datasets only revealed a limited overlap, indicating that both approaches provided complementary information concerning a community's diversity that might be missed when using a single approach. However, the low overlap may be explained by the limitations of these methods. Amplicon sequencing is dependent on DNA extraction and the use of primers, and these steps do not retrieve all diversity. Indeed, recent metagenome analysis has led to the discovery of a novel bacterial phylum that had always remained hidden because of mismatches in the most commonly used primers for 16S rRNA gene sequencing [34] . While cultivation might overcome this problem, many isolates are still resistant to the commonly used cultivation techniques. The low number of types shared will have also been biased by the cultivation setup. Firstly, although specific cultivation conditions for the targeted growth of aerobic phototrophic bacteria were used, in addition to oxygenic and anoxygenic phototrophic bacteria, a high number of non-phototrophs lacking pufLM and bchL/bchX were also isolated. A portion of these isolates may have phototrophic capacities that depend on rhodopsins or BchL; however, these features may have been missed as a result of primer mismatch, or the presence of a different rhodopsin type or a type 1 photochemical reaction center. For example, very little rhodopsin data has been retrieved from currently available terrestrial Antarctic metagenomes with MG-RAST [113] and IMG [65] . Most rhodopsin data, however, originates from aquatic environments [15] . Since it is well known that this protein family contains an enormous diversity [8, 35] , currently available primers may be unsuitable for capturing terrestrial Antarctic rhodopsin variants, whereas annotation pipelines may be unable to detect these variants in terrestrial metagenomes. Nevertheless, future advances in physiological characterization and genome analyses may resolve this question. Secondly, the unexpected and abundant growth of Cyanobacteria in the liquid enrichments may have restricted the growth of other phototrophic bacteria in these setups. Thirdly, when applying a culture-independent approach, the presence of DNA from dead cells, which is capable of persisting in cold soil for long periods of time, may inflate the bacterial diversity observed, hence reducing the overlap observed with a culture-dependent approach [21] . Finally, the high number of colonies, their very slow growth and miniscule colony size, in combination with manual picking, introduced an additional bias, since it was not possible to isolate every single colony. Additionally, the limited biomass production impeded many of the analyses and called for a modification of the standard operating procedures used for fast growing organisms producing high biomass. Development of new innovative and high throughput strategies will be necessary to cultivate and characterize a larger proportion of the Antarctic biodiversity.
Of the 75 isolates showing phototrophy potential (i.e. positive PCR for a phototrophy gene), 67 grouped with alphaproteobacterial AAP taxa (Table S2) . Although the abundance of alphaproteobacterial AAP is well recognized in various aquatic environments all over the planet [16, 29, 58, 84] , to date, little is known about their diversity, distribution and role in terrestrial ecosystems. The majority of potential phototrophs, and ∼45% of the isolates in general, grouped with Sphingomonas (Table 2, Figs. 1 and S5) . The presence of Sphingomonas in Antarctica is not unusual, since several members of this group have previously been isolated from a range of cold ecosystems, including Antarctica [18, 46, 77] , and they are well known for their phototrophic capacities [48, 88] . In recent years, analyses have also revealed the metabolic diversity of several Sphingomonas strains, as well as their capacity to adapt to extreme cold, high UV-B radiation and arid conditions, indicating that they are ideal candidates for survival in extreme oligotrophic Antarctic systems [9, 46, 51, 52] . The second most recovered group of alphaproteobacterial phototrophs was highly related to Methylobacterium (Fig. 1, Table 2 ). Some Methylobacterium strains are well known for their tolerance to high UV radiation and dehydration, which are common environmental conditions in Antarctic soils [75] . Indeed, Romanovskaya et al. [85] reported this genus, and in particular Methylobacterium extorquens, a bacterium known to possess a type 2 photochemical reaction center, in terrestrial biotopes on several Antarctic islands [85, 109] , whereas PufM, BchL and BchX sequences from members of this taxon have previously been reported from terrestrial locations in the Arctic [36] and Antarctic [102] . Interestingly, no pufLM genes could be amplified from strain R-67878 (Rhodopseudomonas sp.). Given that all known Rhodopseudomonas species are phototrophic [100] , the negative result may have been caused by primer mismatch. Indeed, we have previously performed an in silico comparison of multiple primers targeting different regions of the pufM gene [102] , and the results in fact showed that none of the primers investigated targeted all known diversity.
Based on 16S rRNA sequence data combined with the MALDI-TOF MS dendrogram, 87 of the isolates grouped with the Bacteroidetes, and especially with Hymenobacter (Table S3, Fig. S4 ). The type species of this genus, Hymenobacter roseosalivarius, was originally isolated from exposed areas in the McMurdo Dry Valleys [50] , and has been commonly reported from several terrestrial and aquatic Antarctic locations [2, 57, 77] . To our knowledge, no anoxygenic phototrophic members have ever been reported in the phylum Bacteroidetes [53] . Remarkably, the pufLM genes encoding the conserved proteins of the type 2 phototrophic reaction center could be amplified from Hymenobacter isolate R-68361 (Fig. 1) . The 16S rRNA gene sequence of strain R-68361 was found to be 93.96% identical to that of Hymenobacter terrae DG7A, a recently described strain isolated from soil samples in Seoul (South Korea) [98] . The pufLM sequence of R-68361 was identical to cloned sequences previously obtained from the same sample [101] . Phylogenetic analysis of this sequence grouped it among reference data for Sphingomonas spp. with a known photoheterotrophic phenotype (Fig. 1) . This grouping may be the result of a horizontal gene transfer event, since similar observations have previously been made for phototrophic Gemmatimonadetes [121] . In addition, a positive result for bchL/bchX was obtained from one of the Spirosoma isolates (R-67957) (Table S2 ). It should also be noted that both rhodopsin-dependent and Bchl-dependent phototrophy require the transcription of unique multiple genes [17] . Thus, to assess whether these isolates are the first phototrophic representatives of the Bacteroidetes, genome and transcriptome analysis will be needed in order to verify the presence and expression of all the required phototrophic genes.
In addition to taxa known to contain AAP, ∼31% of the 892 isolates were identified as Actinobacteria, and they were predominantly isolated from solid media (Table S3) . Six of these isolates tested positive in the PCR for bchL/bchX, although these products were co-amplified and therefore were not sequenced.
None of the Actinobacteria tested positive for rhodopsins or pufLM (Table 2 ). This might be explained by primer mismatch, since currently available primers may be unable to target all the rhodopsin and photoreaction center diversity. However, future physiological characterization and genome analyses may resolve this question but, until then, the phototrophic potential of these Actinobacteria remains unknown. All actinobacterial isolates grouped with the Actinobacteridae, which is similar to observations made in other Antarctic soils [1, 2, 77] . Most of the Actinobacteridae isolates were identified as Arthrobacter, Nocardioides, Modestobacter and Rhodococcus. Members of these genera have previously been isolated from several cold regions, such as Greenland, the Arctic and Antarctica [7, 68, 78, 90, 95] . The presence of Modestobacter, some of which are known to be cold tolerant and radiation resistant, may be linked to its possible involvement in the weathering of rocks [45, 74] . On the other hand, Arthrobacter is a genus generally associated with the soil compartment and is recognized for its physiological versatility (e.g. altering of its cell wall fatty acid composition in response to lowered growth temperatures) and its ability to use a wide range of substrates [2, 111] .
Conclusions
This study provided the first data on the culturable aerobic anoxygenic phototrophic bacterial diversity in the Sør Rondane Mountains, East Antarctica. In general, the conditions used resulted in slow growing isolates producing extremely small colonies and minimal amounts of biomass. The isolation strategy resulted in approximately 52% of isolates belonging to known alphaproteobacterial AAP taxa, while other isolates were distributed over six phyla, including a candidate phylum. In addition, enrichment cultures revealed the presence of Cyanobacteria and even green algae. It was also demonstrated for the first time that a single Bacteroidetes isolate may have phototrophic potential. Overall, the results suggested that the ability to adopt a photoheterotrophic lifestyle may provide an advantage in the oligotrophic Antarctic soils surrounding the Princess Elisabeth Station.
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